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Abstract
Primary immune deficiencies (PIDs) are a collection of genetically inherited disorders that affect the
proper functioning of the immune system. In a traditional sense, PIDs are major defects in one or more
of the major leukocyte subsets which commonly lead to a wide array of different recurrent and
opportunistic infections eventually resulting in a very premature death. A major paradigm shift has led
to an expansion of the classical definition of a PID as an immunological phenotype to a PID as any defect
resulting from inherited errors of immunity that can pose a substantial threat to life. Here we describe
the generation and characterization of induced pluripotent stem cells (iPSC) created using a
polycistronic lentiviral vector (pHAGE-STEMCCA) expressing OCT4, SOX2, KLF4 and cMYC for the study of
several PIDs in vitro. We have generated patient-specific iPSC from individuals with T-B-NK+ severe
combined immunodeficiency (SCID) or Omenn Syndrome due to RAG1-defiency. We have also
generated iPSC from individuals with an exquisite predisposition to herpes simplex encephalitis (HSE)
due to defects in STAT1, TLR3, or UNC-93B with undefined cellular defects in immunity within the
central nervous system. Due to the pluripotency of iPSC derived from skin fibroblasts, we will be able to
study human lymphoid differentiation as well as the responsiveness of human neuronal cells to
infection. Due to the inability of studying these processes on human cells in vivo, these in vitro disease
models represent novel and powerful tools to study the disease process and attempt to develop
therapies for the treatment of these diseases.
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Introduction
Primary Immune Deficiencies
Introduction
The human immune system is composed of a variety of different cell types that derive from the
hematopoietic stem cell (HSC). While some of the most fundamental advances in the understanding of
the mechanism and function of the immune system have been made in the murine model, there are
many examples of where mice and men are not alike (Mestas and Hughes, 2004). In order to dissect the
functions of the human immune system, it is essential to continue to explore known defects in human
immunity as defined by cellular phenotypes or, in a pure sense, as a generalized susceptibility to
infection (Notarangelo et al., 2009; Casanova end Abel, 2007). The primary immune deficiencies (PID)
are a group of diseases that can affect both the innate and adaptive arms of the immune system leading
to a loss of number or adequate function in neutrophils, macrophages, dendritic cells, NK cells, T cells
and B cells (Notarangelo et al., 2009). Some other PIDs also affect non-cellular components such as the
complement proteins. Currently over 150 different clinical diagnoses of PID exist due to defects in 120
genes and novel clinical phenotypes and molecular diagnoses are constantly added to this broad
grouping of diseases (Notarangelo et al., 2009). In many cases, the study of patients with PIDs has
allowed investigators to study how distinct mutations within the same gene leads to a variable clinical
phenotype or how a similar clinical phenotype can be linked to different genetic defects (Villa et al.,
1995; Villa et al., 2001). Furthermore, the study of human patients has also led to the discovery of novel
genes with previously undescribed function (Casrouge et al., 2006).
In a traditional sense, PIDs are major defects in one or more of the major leukocyte subsets which
commonly lead to a wide array of different recurrent and opportunistic infections eventually resulting in

5

a very premature death. However, one of the most powerful aspects of studying the human system is
the ability to evaluate, “immunology in natura” (Casanova and Abel, 2007). This major paradigm shift
has led to an expansion of the classical definition of a PID as an immunological phenotype to a PID as
any defect resulting from inherited errors of immunity that can pose a substantial threat to life
(Casanova and Abel, 2007). Many of these newly described PIDs affect canonical pathways such as the
IL-12-IFNγ circuit yet paradoxically some patients present with a limited susceptibility to specific classes
of pathogens (Bustamante et al., 2008). This has led to an expansion of the definition of PIDs and to
consider that the disease phenotype may also extend to cells of non-hematopoietic origin (such as
neurons) that express the mutated protein (Casrouge et al., 2006; Casanova and Abel, 2007).
In this study, we focus on both the classical PIDs with defects in the generation of one or more leukocyte
subsets and also on PIDs defined by the susceptibility to specific pathogens. By investigating defects in
lymphopoiesis due to diverse mutations within human RAG1 and a newly described Wiskott-Aldrich
Syndrome protein-interacting protein (WIP)-deficient patient, we aim to unravel the molecular
pathogenesis of specific functional defects within the same protein leading to T-B-NK+ SCID or Omenn
Syndrome (De Villartay et al., 2003; Fischer et al., 2005). Conversely, we also aim to unravel the
hypothesized role of non-hematopoietic cells such as neurons in the tissue-specific pathology of herpes
simplex encephalitis (HSE) in patients with otherwise normal lymphopoiesis. HSE appears to develop in
patients with inborn errors of the TLR3-IFNα-IFNβ-IFNλ pathway which is affected by defects in TLR3,
UNC-93B, and STAT1 (Bustamante et al., 2008). Besides being linked by the overarching theme of PID,
these subsets of PID are linked by the mysterious aspects of the human thymus and brain respectively.
Using the novel technology of generating induced pluripotent stem cells (iPSC), we aim to assemble the
tools to unravel these mysteries of defects in lymphopoiesis and susceptibility to specific viral
pathogenesis.

6

Defects in lymphopoiesis
Severe combined immunodeficiency (SCID) is a group of related PIDs characterized by defects in the
proper generation of T, B, and NK lymphocytes. Currently, there are ten molecular defects described in
SCID and all predispose young children to early death without therapy by hematopoietic stem cell
transplantation (Buckley, 2004; Fischer et al., 2005). While the prevalence of the disease can vary widely
by region, it is estimated that SCID affects 1 in 75,000 live births (Fischer et al., 2005). SCID can be
caused by defects in a) purine metabolism, leading to impaired survival of lymphocytes; b) cytokinemediated signaling, affecting expansion of early lymphoid progenitors; and c) expression and signaling
through the T cell receptor (and often involving the B cell receptor as well), leading to a block in T and
often, B cell development (Panel 1) (Buckley, 2004; Fischer et al., 2005).

1)

Panel 1: Genetic deficiencies leading to blocks in development of lymphocyte subsets
(Buckley, 2004).

Adenosine deaminase (ADA) and purine nucleoside phosphorylase (PNP) are enzymes that are involved
in purine salvage pathways and help prevent the accumulation of toxic metabolites. In the case of SCID
resulting from ADA/PNP deficiency, these toxic metabolites accumulate in lymphocytes leading to
7

apoptosis (Hirschorn et al., 2007). Defects in the common γ-chain impair signaling by IL-2, IL-4, IL-7, IL-9,
IL-15, IL-21 and thymic stromal lymphopoietin (TSLP) in humans leading to X-SCID (Rochman et al.,
2009). Inherited defects in JAK3, which is a critical component of downstream signaling from the
common γ-chain, result in AR-SCID. While all of these cytokines are critical for the proper functioning of
the immune system, IL-2, IL-7 and IL-15 have been shown to be critical for the development of T cells, B
cells, and NK cells in mice and as a result mice missing the common γ-chain lack all three lymphocyte
subsets (Mestas and Hughes, 2004). However, humans lacking the common γ-chain still have circulating
B lymphocytes despite the distinct block at the pro-B cell stage in mice (Fischer et al., 2005). This reflects
the non-essential role of IL-7 in human B cell development, whereas IL-7 is indispensable for B cell
generation in mice. In future work, it would be highly informative to dissect human B cell development
using iPSCs and in vitro models of B cell generation to better understand the role of the common γ-chain
cytokines in the development of the human immune system.
In this study, we have aimed to generate iPSC from patients with mutations of the Recombinase
Activating Gene (RAG) 1, a protein involved in the V(D)J recombination process, and hence in the
assembly of the T and the B cell receptors. The RAG1 and RAG2 genes are located on human
chromosome 11p13 in a tail-tail configuration and both proteins are encoded by a single exon
suggesting their origins in vertebrates may be associated with a transpositional insertion (Notarangelo
et al., 1999). Impaired function of RAG1 and RAG2 in humans can lead to either T-B-NK+ SCID or Omenn
syndrome (Schwarz et al., 1996; Villa et al., 1998; De Villartay et al., 2003). RAG1 and RAG2 are critical
for initiating V(D)J recombination in both T cells and B cells by recognizing recombination signal
sequences (RSSs) that flank each of the V(D)J gene segments (Panel 2). Successful recombination of
these gene segments at the TCR loci and BCR loci leads to expression of the lymphocyte surface
receptors allowing for continued development to mature T cells and B cells respectively (De Villartay et
al., 2003). There is also another group of patients that have more generalized defects in DNA repair
8

which are magnified in the lymphoid compartment due to the genetic lesions initiated by RAG1/2. These
patients have defects in components of the DNA repair pathway such as Artemis, which is important in
opening hairpins generated by RAG1/2 cleavage, and also DNA ligase IV which is important for sealing

1)

Panel 2: Schematic of key steps in V(D)J recombination with known blocks leading to SCID
(De Villartay et al., 2003)

DNA double-stranded breaks (Panel 2) (De Villartay et al., 2003). With the current method of generating
iPSC involving viral vectors, it may be difficult to generate iPSC from patients with defects in DNA repair
pathways. Nevertheless, with improving technologies such as non-integrating vectors, it will also be
possible to compare these defects in lymphopoiesis to the iPSC we have generated from patients with
defects in RAG1.
Once RAG1 recognizes an RSS and introduces a DNA double-stranded break, DNA-PK associates with the
break and activates Artemis for DNA processing and, in some instances, the TdT enzyme which increases
junctional diversity (De Villartay et al., 2003). Original studies showed that RAG1 contained a core region
and a dispensable region but more recent findings, some stemming from human patients, have shown
that the dispensable region may also be critical for the appropriate localization of RAG1 (Notarangelo et
9

al., 1999). It is now evident that RAG1 has important nuclear localization sequences and also zinc finger
domains involved in the heterodimerization with RAG2 (Notarangelo et al., 1999). While some
mutations lead to a complete loss of function and as a result a T-B-NK+ clinical phenotype, some
patients show residual V(D)J recombination activity which means that some T and B cells can still mature
and reach the periphery. These patients have hypomorphic mutations in the core region of RAG1 or
RAG2 and suffer from Omenn syndrome, an immunodeficiency also characterized by GVHD-like
pathology including erythroderma, failure to thrive, protracted diarrhea, lymphadenopathy, and
eosinophilia (Villa et al., 1998; Notarangelo et al., 1999; De Villartay et al., 2003). In some cases, it has
been shown that the same RAG mutations can lead to either T-B-NK+ SCID or Omenn syndrome (De
Villartay et al., 2003). A rigorous analysis of T cell development from patient-specific iPSCs could be
telling in dissecting how the same mutation can lead to distinct clinical phenotypes.
The description of human B- SCID was first associated with RAG mutations with a very low (.1-1.0% of
WT) activity in an in vitro extrachromosomal assay for recombination (Schwarz et al., 1996). This study
was also surprising in that one WT allele seemed to be sufficient for normal lymphopoiesis in
heterozygous siblings but impaired function in both alleles led to complete T-B-NK+ SCID without a loss
in protein levels (Schwarz et al., 1996). Compared to the very low levels of recombination activity seen in
patients with T-B-NK+SCID, patients with clinically diagnosed Omenn syndrome had activities ranging
from 7 to 27% (Villa et al., 1998). Besides the immunodeficiency in these patients, T cells show an
oligoclonal distribution with restricted heterogeneity of TCRBV segments and the majority show an
activated and anergic state (Villa et al., 1998). A further report of 44 patients confirmed that null
mutations on both alleles lead to T-B-NK+ SCID and that patients with classic Omenn syndrome have
missense mutations in at least one allele (Villa et al., 2001). While at first it may seem paradoxical that a
decreased function and number of T cells would lead to autoimmune complications, further work has
classified some of the potential mechanisms for this break in tolerance. Due to reduced thymopoiesis in
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patients with hypomorphic RAG1, there is a decrease in the number of T cells in the periphery and thus
an excess in survival factors such as IL-7 leading to homeostatic proliferation and the oligoclonal
expansion of potentially autoreactive clones (Liston et al., 2008; Villa et al., 2008). There is also a
potential defect in the generation of Tregs with restricted diversity due to the preferential usage of
certain TCRBV genes (Liston et al, 2008; Villa et al., 2008). While traditionally SCID is thought to only
affect hematopoietic cells, there is increasing evidence for a paradigm of thymocyte and thymic
epithelial cell (TEC) cross-talk which is critical for the preservation of thymic function (Poliani et al.,
2009). The presence of sufficient numbers of thymocytes, a process impaired by mutations in RAG1, is
important for the induction of central tolerance such as the maturation of TECs and DCs and expression
of AIRE in TECs. All of these processes have been shown to be affected in thymi of patients with T-B-NK+
SCID or Omenn syndrome (Villa et al., 2008; Poliani et al., 2009).The collective knowledge gained from
the investigation of patients with SCID or Omenn syndrome is a perfect example of reverse translational
medicine in which a disease phenotype relates back to a molecular understanding of the disease
pathology. This knowledge can now be supplemented and further refined using iPSC technology to
dissect the process by which, for example, certain TCRBV segments are selected or why these T cells
lead to hypereosinophilia and high IgE levels in Omenn syndrome.
Other gene defects have also been described which result in broad immunodeficiency that includes
defects in T cell function. An example is represented by the Wiskott-Aldrich Syndrome (WAS), an Xlinked disease due to mutations of the WAS gene. Impaired expression of the WAS protein (WASP) in
patients with WAS results in immunodeficiency, autoimmunity and also microthrombocytopenia
(Thrasher and Burns, 2010). The WAS protein (WASP) is expressed specifically in the hematopoietic
lineage and is an important regulator of the actin cytoskeleton by controlling the activation of the
ARP2/3 complex for actin polymerization (Takenawa and Suetsugu, 2007). Consequently, its proper
function is critical for migration, phagocytosis and formation of the immune synapse and subsequent
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signaling and activation (Thrasher and Burns, 2010). Besides the defects in cell motility, WASP has been
shown to be critical for the development of mature SP thymocytes and peripheral CD4+, CD8+ and Treg
cells (Thrasher and Burns, 2010). WASP is a scaffold protein composed of different domains with welldescribed functions. It was shown that the N-terminus of WASP binds to the WASP-Interacting Protein

1)

Panel 3: Structural domains of WASP and interaction with WIP (Thrasher and Burns., 2010)

(WIP), and this interaction is critical for protecting WASP from degradation (Panel 3) (de la Fuente et al.,
2007; Thrasher and Burns, 2010). It has been shown that hypomorphic mutations of the WAS gene
(especially in exons 1 and 2), that result in residual WASP expression, are often associated with a milder
form of the disease, known as X-linked thrombocytopenia (Villa et al., 1995). In these patients, the
missense mutations affect interaction of WASP with WIP, and result in accelerated degradation of
WASP. Recently, a female patient was reported in whom biallelic mutations in the WIP gene resulted in
decreased levels of WASP (Giliani et al., presented at the IUIS Primary Immunodeficiency Meeting,
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2009). Due to our close collaborations with Dr. Giliani, we were able to obtain a precious sample of this
first Wiskott-Aldrich Syndrome protein interacting protein (WIP) deficient patient described and use the
fibroblast line as our proof-of-concept for generating iPSC from patients with diverse PIDs. WIP may play
a very large and as yet unknown role in thymopoiesis due to its involvement in regulating immune
synapse formation, chemotaxis, and IL-2 signaling all of which are important in normal T-cell
development (Calle et al., 2008; Le Bras et al., 2009; Thrasher and Burns, 2010). The ability to generate
iPSC from a WIP deficient patient will produce highly informative data as to the role of WASP and WIP in
normal thymopoiesis.
Defects in viral immunity
Unlike SCID, not all PIDs result in broad susceptibility to infections due to numerical and/or functional
defects in one or more lymphocyte subsets. Recently, mounting evidence has led to the rapid expansion
of a specific group of PIDs characterized by susceptibility to a narrow range of infections associated with
impaired signaling in myeloid or lymphoid cells. Surprisingly, this discrete susceptibility to infections
reflects impairment in signaling pathways that are broadly utilized within the immune system, such as
NF-κB, the Toll-like receptors (TLRs), interleukins, and interferons (Panel 4) (Bustamante et al., 2008;
Bousfiha et al., 2010). For example patients with defects in IRAK4 or MyD88, which are involved in the
downstream signaling from TLRs (other than TLR3) and in most IL-1R mediated responses, are
susceptible primarily to pyogenic bacteria (Bustamante et al., 2008; Bousfiha et al., 2010). Besides the
pyogenic bacterial infections, children do not suffer from severe parasitic, fungal, or viral infections. In
the case of inborn errors of the NF-κB pathway, involving NEMO and IκBα, children suffer primarily from
pyogenic infections and mycobacterial infections but again, typically lack the potentially anticipated
broad susceptibility to pathogens, despite the fact that signaling downstream from TNFRs, TLRs, and IL1R are all affected (Bustamante et al., 2008; Bousfiha et al., 2010).
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1)

Panel 4: Genetic defects in innate immunity and associated infectious disease
susceptibilities (Bustamante et al., 2008)

Patients with defects in TLR3 or in UNC-93B, a key downstream signaling adaptor for TLR3, TLR7, TLR8
and TLR9, do not suffer from a broad array of infections but rather show an exceptional predisposition
to herpes simplex encephalitis (HSE), a life-threatening and rare complication of primary infection with
HSV-1, an otherwise common virus (Panel 5) (Casrouge et al., 2006; Whitley et al., 2006). Furthermore, a
few patients were also identified with complete defects in STAT1 leading to impaired signaling via IFNα/β and IFN-γ (Panel 6) (Dupuis et al., 2003). These two infants were susceptible to mycobacteria and
lethal HSE (Dupuis et al., 2003). Despite the statistic that around 80% of young adults are infected
worldwide with HSV-1, the prevalence of HSE is around 1 in 100,000 individuals making it rare but also
14

1)

Panel 5: Pathways affected by TLR3 and UNC-93B deficiency (Bustamante et al., 2008)

the most common viral encephalitis in Western countries (Whitley et al., 2006). It is clinically diagnosed
in encephalopathic, febrile patients with focal neurological signs, typically involving the temporal lobe
with edema and hemorrhage. The diagnostic gold standard is the detection of HSV-1 DNA in the
cerebrospinal fluid by PCR (Whitley et al., 2006). While some patients are treated with acyclovir, they
suffer severe neurological sequelae, and in untreated patients the mortality rate exceeds 70% (Whitley
et al., 2006). Much has been learnt about the impact of defects in primary infection of patient
fibroblasts derived from TLR3 deficient or UNC-93B deficient patients.
The first genetic defect to be linked with HSE was STAT1, a transcription factor that can interact with
STAT2 to form IFN-stimulated gene factor 3 (ISGF3) or homodimerize to form gamma-activated factor
(GAF). As a result, the autosomal recessive loss of STAT1 in two unrelated infants showed defects in
both Type 1 and Type 2 IFN responses (Dupuis et al., 2003). This was tested and confirmed by
demonstrating that viral multiplication was not inhibited by the addition of recombinant IFN-α/β in vitro
due to the inability for the cell to respond without STAT1, but after transfection with STAT1, cells could
15

1)

Panel 6: Pathways affected by STAT1 deficiency (Bustamante et al., 2008)

then produce both GAF and ISGF3 in response to exogenous IFNs (Dupuis et al., 2003). In future work by
Dr. Casanova’s group, two unrelated children were described with HSE but without any broad
susceptibility to mycobacteria or other viral illness. In fact, both children efficiently controlled infection
with at least nine other viruses (Casrouge et al., 2006). Using specific agonists for TLR 7, 8, and 9 on
PBMCs, signaling through all three was shown to be impaired by their reduced production of IFN-α/β
and to an extent IFN-λ suggesting a common signaling component (Casrouge et al., 2006). In fibroblasts,
TLR3 was further implicated as defective due to the more specific response mediated by TLR3 in
fibroblasts to Poly (I:C) as opposed to a broader activation in PBMCs (Casrouge et al., 2006). TLR3 is
involved in the recognition of dsRNA, TLR7/8 in the recognition of ssRNA and TLR9 in the recognition of
unmethylated CpG DNA (Casrouge et al., 2006; Zheng et al., 2007).
The group was led to look for mutations in a recently described murine gene Unc93b1 in which defects
lead to both exogenous antigen presentation and signaling via TLRs 3, 7 and 9 (Carter and Tough, 2006;
Tabeta et al., 2006; Conley, 2007). In mice with mutations in Unc93b1, their susceptibility to infection
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was very broad, again highlighting the species differences present in the immune system with TLRs
being crucial in murine models and potentially redundant in the human system. After sequencing the
patients, the investigators found homozygous mutations in both patients resulting in barely detectable
levels of UNC93B1 mRNA (Casrouge et al., 2006). When fibroblasts were exposed to HSV-1, patient cells
died much faster than control cells and this could be rescued by the addition of exogenous IFN-α
suggestive of both a mechanism and therapeutic avenue. These results suggests that UNC-93B, a 12
transmembrane ER resident protein, is necessary in humans for signaling through TLR3, 7, 8 and 9 but a
loss of UNC-93B only predisposes individuals to HSE caused by HSV-1 infection (Casrouge et al., 2006).
Furthermore, since it was known that in humans, IRAK-4 deficiency results in defects in TLR7, 8 and 9
signaling without a predisposition to HSE, this implicated TLR3-mediated production of IFN-α/β and IFNλ as the mechanistic failure in control of HSV-1 by an inability to detect dsRNA replication intermediates
in UNC-93B deficient patients (Weber et al., 2006; Bustamante et al., 2008). In a paper published shortly
afterwards, two patients with autosomal dominant TLR3 deficiency were described predisposing to HSE
(Zheng et al., 2007). The region containing the mutations maps to a domain critical for dsRNA binding
and multimerization (Zheng et al., 2007). In fibroblasts, myeloid derived DCs, and NK cells, response to
poly (I:C) was impaired as assayed by IFN production. However, keratinocytes and blood DCs seemed to
respond adequately which perhaps limits the epithelial dissemination of the virus and limits the
pathogenesis of infection to the CNS (Zheng et al., 2007). This highlights the need to look at the cell-type
specific response to infection.
The observation that TLR3- and UNC93B-deficient patients are not predisposed to other severe viral
infections (including those sustained by other herpesviridae), has led to postulate that TLR3-mediated
signaling may be redundant for the response to herpes viruses within the immune system, but may be
essential to protect against virus dissemination and tissue damage within the central nervous system.
However, identification of the CNS-specific cell type that is responsible for the viral pathology has
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remained elusive due to the obvious difficulty in acquiring patient-specific material (Dupuis et al., 2003;
Casrouge et al., 2006; Zheng et al., 2007).
Indeed, while the studies describing patients with STAT1, UNC-93B and TLR3 deficiency focused on
accessible cell types such as PBMCs and fibroblasts, other groups have described the presence of TLRs
including TLR3 in the CNS across neurons, astrocytes, oligodendrocytes and microglia (Bsibsi et al., 2002;
Olson et al., 2004). Stimulation of microglia, a hematopoietic derived cell type, results in a unique
cytokine pattern depending on the TLR agonist (Olson et al., 2004). Furthermore, stimulation of TLR3 in
microglia or astrocytes results in a different pattern of cytokines and interferons showing that TLR
signaling is specific to both the cell type and the environmental cue (Jack et al., 2005). Besides the
secretion of these soluble mediators, TLR3 ligation also results in a generalized antiviral state by an IRF3dependent upregulation in Viperin/cig5 or IFN-λ induced APOBEC3G (Rivieccio et al., 2006; Zhou et al.,
2009). TLR3 ligation not only results in the production of pro-inflammatory or antiviral mediators as it
can also produce factors such as IL-9 and IL-10 which enhance neuronal survival (Bsibsi et al., 2006).
Neurons and astrocytes have been shown to support HSV-1 infection, but in one study showed an
inability to produce IFNs in response to viral infection (Logensgard et al., 2001). Instead, microglial cells
were found to produce a wide array of cytokines and chemokines during nonproductive infection
(Logensgard et al., 2001). Future work from other groups have shown that HSV-1 produces a change in
the transcription levels of 263 genes in a human neuronal cell line with only 4.9% of genes known to be
involved in immunity (Prehaud et al., 2005). Of note, IFN-β levels were checked and no difference was
found due to HSV-1 but a marked upregulation was found in response to rabies virus by the same cell
line. Primary cultures of oligodendrocytes established post-autopsy were shown to vary in susceptibility
to infection to HSV-1 (Kastrukoff and Kim, 2002). However, the limited number of samples (n=6) and the
means of acquiring them (autopsy) preclude any formal conclusions from being drawn from this study.
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While some of these studies produced intriguing data, the inability to consistently source primary cells
and the limitations of studying cells adapted for long-term culture are widespread.
What this body of evidence suggests is that the study of patient-specific neurons, astrocytes,
oligodendrocytes and microglia with known susceptibility to viral pathology of the CNS would be critical
to studying the cell-specific response to infection. Due to the inability to access such material from
patients, there has been a lack of appropriate means to investigate these interesting and critical
questions. With the advent of iPSC technology, it is now possible to generate pluripotent cells from any
patient via a simple skin biopsy. This coupled with recent advancements in protocols to reliably
differentiate neurons, astrocytes and oligodendrocytes from ES cells and iPSC allows, for the first time,
an unprecedented level of access to patient-specific CNS cells to investigate the TLR3-IFN pathway and
the pathogenesis of HSE.
Induced Pluripotent Stem Cells and their Generation
Introduction to iPSC Technology
iPSC were first generated from mouse embryonic and adult fibroblasts by Dr. Yamanaka (Takahashi and
Yamanaka, 2006). The premise of the discovery is that somatic cell nuclear transfer (SCNT) into an
enucleated oocyte occasionally results in a differentiated nucleus being reprogrammed to an ES-like
state. While the specific factors involved in reprogramming of nuclei by SCNT have yet to be identified,
there is evidence for which transcription factors are important in ES cells to maintain pluripotency
(Takahashi and Yamanaka, 2006). Beginning with a list of 24 candidates of factors linked to pluripotency,
Takahashi and Yamanaka whittled the list down systemically to only 4 factors critical for reprogramming
a fully differentiated adult murine somatic cell back to pluripotency (Takahashi and Yamanaka, 2006).
The four factors were Oct4, Sox2, c-Myc and Klf4. While the inclusion of Oct4 and Sox2 may have been
predicted, the occurrence of c-Myc and Klf4 were at first surprising over factors such as Nanog which
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was found to be dispensable (Takahashi and Yamanaka, 2006). The cells were infected with retroviruses
carrying each factor and then cultured in embryonic stem cell (ESC) culture conditions with identical
media and supporting cells (irradiated mouse embryonic fibroblasts) present. In this first study, the
authors believed that the four factors were required to maintain the iPS state and in future work noted
that removal of the transgenes would probably result in a loss of pluripotency. While this stipulation has
proven to be misguided, their final prediction of the generation of patient-specific iPSC has already been
realized and will undoubtedly prove to be a very powerful research tool in the near future (Park et al.,
2008a).
In quick succession, a flurry of publications came out describing the generation of iPSC from adult
human fibroblasts (Takahashi et al., 2007; Yu et al., 2007; Park et al., 2008b; Lowry et al., 2008). While
some of these studies maintained the use of the original four factors, it was shown by one group that
substituting LIN28 and NANOG for c-MYC and KLF4 also yielded human iPSC from somatic cells (Yu et al.,
2007). The addition of hTERT and SV40 by Dr. Daley’s group showed enhanced efficiency but later upon
analysis of the integrations found in reprogrammed cells, hTERT and SV40 were not detected (Park et
al., 2008b). These factors perhaps acted on the supporting cells in order to provide essential growth
factors for a greater efficiency of reprogramming. All of these papers assayed the pluripotency of their
iPSC by direct comparison to human embryonic stem cells (hESC) in terms of morphology, proliferation,
surface antigens, gene expression, epigenetics, and the ability to differentiate into derivatives of all
three germ layers. From these studies and follow-up work into the mechanisms of reprogramming, it
can be concluded that OCT4 and SOX2 are essential and other factors such as c-MYC and KLF4 help to
enhance the efficiency of the process (Park et al., 2008b).
All of these original studies used multiple viral (retroviral or lentiviral) vectors to deliver each factor
individually. Consequently, each iPSC line generated showed multiple viral integrants which can cause
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genomic instability and aberrant gene expression if a virus integrates within a gene or its regulatory
elements. While some groups have focused on the generation of iPSC by means of non-integrating viral
vectors or chemicals, others have focused on perfecting the viral vector technique to efficiently deliver
the reprogramming factors to target cells (Carey et al., 2009; Sommer et al., 2009). Dr. Mostoslavsky’s
group generated a Stem Cell Cassette (STEMCCA) containing all four factors (Oct4, Klf4, c-Myc, Sox2)
within a single lentiviral vector using a combination of 2A peptide and internal ribosome entry site (IRES)
technology (Sommer et al., 2009). This lentivirus produces a single multicistronic transcript with Oct4,
Klf4, Sox2 and c-Myc expressed under a single Elongation Factor 1α (EF1α) promoter, to ensure
ubiquitous and stable expression (Figure 1A). The first two cistrons are separated by a 2A ribosomeslippage site followed by an IRES and the next two cistrons also joined by a 2A site (Sommer et al.,
2009). This allows for the generation of four separate and functional factors driven by the same
promoter. In a murine model, 1-2 integrated viral copies were detected in successfully reprogrammed
iPSC lines (Sommer et al., 2009). A further benefit of using this STEMCCA virus is that it is excisable using
the Cre-loxP system since it is flanked by loxP sites after integration into the genome. In a murine model,
inadequate silencing of the transgenes could impact directed differentiation studies and it would be
beneficial to eliminate the transgenic sequences. Using an Adeno-Cre system, the vector was excised
from all lines successfully and pluripotency maintained in the excised state for a further 20 passages
(Sommer et al., 2010). For our studies, we are using a human version of the STEMCCA vector in order to
deliver the OCT4, KLF4, SOX2, and c-MYC transcription factors to human dermal fibroblasts. After
integration, the transgenes are also flanked by loxP sites meaning that, if the virus is not silenced and
interferes with in vitro differentiation, then there is a technically feasible means of excision. This method
was selected due to the high efficiency of reprogramming while still maintaining the potential for
excision leaving a genetically pristine patient-specific iPSC. However, there is precedent to believe that
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in the process of reprogramming, iPSCs actually silence the retroviral vectors so perhaps excision will not
be necessary at this stage for in vitro disease modeling (Park et al., 2008a).
Characterization of iPSC Lines
While the conceptual leap of reprogramming a somatic cell to a pluripotent stem cell would seem to
require very intricate and specialized techniques, it is the relative ease and accessibility of the
technology which makes it well suited for applications by investigators outside of the stem cell
community. Shortly after publication of the original papers, the leading groups in the iPSC field
published detailed protocols describing the methods and best practices for the generation of iPSC by
any interested scientist (Park et al., 2008c; Ohnuki et al., 2009). However, despite the apparent ease
with which iPSC can be generated by almost anyone, it is critical to have hESC experience or work in
close contact with individuals having hESC experience to use the best practices for efficient derivation
and maintenance of iPSC from precious patient-specific samples (Lerou et al., 2008; Maherali and
Hochedlinger, 2008). Furthermore, there is a substantial investment of time as even experienced groups
report that it can take over three months to establish and characterize a single line (Ohnuki et al., 2009).
iPSCs are essentially defined by their similarity to hESCs and the generation of an iPSC line involves the
picking of clones that first morphologically resemble hESCs. Subsequent assays include measuring gene
expression against hESC, the appearance of surface markers associated with the hESC state, and
confirming karyotypic integrity. Further studies may include epigenetic similarities to hESCs (Maherali
and Hochedlinger, 2008). Verifying the karyotype is very important as work on hESC has shown that
multiple lines have recurrent gains of specific chromosomes such as 17q and 12 on separate occasions
(Draper et al., 2004; Buzzard et al., 2004). Besides confirming that the iPSC resemble hESC, it is also
critical to evaluate the pluripotency of the iPSCs which can be screened by the formation of embryoid
bodies and looking for gene expression patterns during the differentiation process characteristic of
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ectoderm, mesoderm and endoderm cell fates. The hallmark assay for pluripotency varies amongst
species though. In mice, chimera formation with germline transmission, and in particular
complementation of a tetraploid blastocyst, is considered to be the highest repeatable standard of
pluripotency that can be achieved (Maherali and Hochedlinger, 2008). In the case of humans these
experiments are obviously not possible due to ethical considerations. Hence, teratoma formation upon
injection of iPSCs in mice is considered the best assay for determining pluripotency (Lensch et al., 2007;
Maherali and Hochedlinger, 2008). A teratoma is a benign encapsulated growth generated in this case
by introducing iPSC into an immunodeficient mouse by subcutaneous or intramuscular injection. The
teratoma must be examined by a skilled histologist in order to determine if all three germ layers are
present (Lensch et al., 2007).
It is important to stress that for the purposes of the reprogramming field, it is critical to define
pluripotency to its highest standard due to all of the variables that can go into the generation of an iPSC
line (Maherali and Hochedlinger, 2008; Daley et al., 2009). Pluripotency is a concept that can be
attributed to a range of cell types from multipotent adult progenitor cells to ES cells capable of
generating an entire organism (Daley et al., 2009). In order for the field of reprogramming to advance in
an orderly fashion, it is clearly important that pluripotency be assessed by the highest standards
possible. However, in other fields such as regenerative medicine, pluripotency to the extent of teratoma
formation may not be desired (Ellis et al., 2009). In fact, it would be best if an iPSC-like line could be
generated which was incapable of teratoma formation but, through directed differentiation, formed the
cell-type of interest such as multipotent neural stem cells (NSCs) capable of producing neurons,
astrocytes and oligodendrocytes (Elkabetz et al., 2008; Ellis et al., 2009). As a result, it is clearly of
utmost importance to characterize iPSC lines generated by various methods in their similarity to hESC,
but for researchers interested in in vitro disease modeling or regenerative medicine, it is most important
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that the iPSC line can reliably form the cell type of interest after directed differentiation (Ellis et al.,
2009).
Understanding the reprogramming process
Beyond the tremendous possibilities for the in vitro modeling of disease, there is also intense interest in
studying the mechanism of iPSC reprogramming and how to improve the process (Mikkelsen et al.,
2008; Ramalho-Santos, 2009). These two aims will certainly complement each other as a better
understanding of reprogramming will undoubtedly lead to better techniques for generating iPSC lines
and better techniques will lead to better defined iPSCs. It appears as if one of the rate-limiting steps in
achieving reprogramming is the demethylation of critical genes associated with the pluripotency state
(Mikkelsen et al., 2008). By analyzing not just iPSCs but partially reprogrammed cell lines, one major
factor distinguishing the two and limiting the generation of a full-fledged iPSC is the demethylation of
pluripotency loci and incomplete repression of lineage-specific transcription factors. By treating with
DNA methyltransferase inhibitors, researchers were able to improve the efficiency of iPSC generation
(Mikkelsen et al., 2008). One way of distinguishing the fully reprogrammed state from partially
reprogrammed cells is by surface detection of TRA-1-60 and gene expression of REX1 and DNMT3B in
iPSC lines (Chan et al., 2009). Markers such as alkaline phosphatase, SSEA4, GDF3, hTERT and NANOG
were actually insufficient, though telomerase expression is critical for the elongation of telomeres to
more than 140% of their original length within a few weeks of iPSC generation (Suhr et al., 2009). One
positive aspect associated with the formation of true iPSC lines is that increased levels of silencing of the
retroviral vector are seen in iPSC lines (Chan et al., 2009). More recently, similar results have been
obtained also with use of lentiviral vectors (Papapetrou et al., 2009). Other groups have investigated the
stoichiometric requirements for the four factors in order to most efficiently induce the iPSC state. By
varying the multiplicity-of-infection (MOI) and using a fluorescent reporter system for each factor, it was
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determined that equal parts of the four vectors yielded optimal results as increased or decreased levels
of any factor reduced the efficiency of iPSC generation (Papappetrou et al., 2009). The only variation
from this that positively enhanced the generation of iPSC colonies was a three-fold increase in OCT4
levels (Papappetrou et al., 2009). In theory, the lentiviral system we are using delivers close to the
optimal level of equal parts all four vectors due to its single transcript but polycistronic structure.
Another major theme emerging in the field is that the gene expression signatures of iPSCs are more
similar to what is observed for other iPSC than for hESC (Chin et al., 2009). While the extended culture of
iPSCs leads to a gene expression pattern more similar to hESC, it is still unique to the iPSC state. Beyond
standard gene expression arrays, these differences have also been found at the miRNA level showing
multiple layers of control for the pluripotent state of iPSC and hESC (Chin et al., 2009). There is perhaps
a line of evidence that suggests that some of these differences in gene expression between iPSC lines
may actually reflect their tissue of origin (Chin et al., 2009). This hypothesis is further strengthened by
the fact that substantial differences were seen in the methylation status of CpG island shores between
iPSC, hESC and fibroblasts (Doi et al., 2009). Of note, it is not just a widespread demethylation of CpG
islands that allows cells to attain the pluripotent state but a concerted hypomethylation and
hypermethylation of a variety of sites leading to over 4,000 regions with a different methylation state in
iPSC compared to the fibroblasts of origin (Doi et al., 2009). Very recent work has shown that the activity
of activation induced cytidine deaminase (AID), an enzyme involved in class-switching and somatic
hypermutation, may actually be critical for the demethylation of the promoter region of genes such as
OCT4 and NANOG. This body of work demonstrates the fundamental epigenetic changes lead to the
pluripotent iPSC state and occur during the period of reprogramming (Doi et al., 2009).
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Specific Aims
Generation of iPSC Lines from patients with primary immune deficiencies
Our main interests in iPSC technology are to produce a uniform starting population of patient-specific
cells with which to study disease in vitro. We will generate iPSC lines using the pHAGE-STEMCCA vector,
a lentiviral polycistronic virus which delivers OCT4, SOX2, c-MYC and KLF4, and was developed by Dr.
Gustavo Mostoslavsky. In the case of the iPSC lines generated from RAG1 deficient patients, we aim to
assess the ability of different mutations to support lymphoid differentiation in an in vitro system.
Furthermore, this essentially limitless source of cells will allow for us to attempt novel gene-correction
therapies and then reassess the lymphoid differentiation potential of these patient-derived cells. In the
case of cells derived from STAT1, TLR3 and UNC-93B deficient patients, we will differentiate the iPSC
towards neural fates and then assess the response towards HSV-1 infection. Without iPSC technology,
there is no way to currently obtain neural tissue from these patients. iPSC lines will also be generated
from a healthy control in order to provide a reference point generated with the same lentiviral vector.
When sufficient cell numbers are available from each characterized cell line, cells will be prepared for
long-term cryostorage for future studies and to establish a published iPSC bank containing patientspecific pluripotent cells.
Characterization of iPSC lines to obtain their stemness and pluripotency profile
Each line will be characterized using the full panel of genes for which expression is analyzed to
determine pluripotency. Gene expression will be compared to each parental fibroblast cell line and to an
established iPSC or ES cell line. This list of genes includes the transgenes, endogenous pluripotency
genes, and also markers of specific lineage commitment. Pluripotency will also be assayed by
immunohistochemistry in each line generated looking for the commonly tested markers.
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Determining patient-specific origin of IPSC and genomic integrity
In order to assess the chromosomal stability of reprogrammed iPSCs in long-term culture, karyotype will
be assessed by G-banding. In order to verify the patient-specific origin of each iPSCs, presence of the
specific gene mutations will be confirmed by DNA sequencing and compared to the parental fibroblast
line.
Directed differentiation towards cell-type of interest for in vitro disease modeling
Preliminary studies to confirm pluripotency will involve the formation of embryoid bodies with geneexpression profiling for genes specific for all three germ layers. Differentiation will then commence
towards the lymphoid cell fate or neural cell fate depending on the genetic defects. T-lymphocyte
differentiation will be carried out in collaboration with Dr. Juan Carlos Zuniga-Pflucker using the OP9DL4 system. This in vitro assay will allow for us to dissect the process by which specific genotypes
correlate with cellular and clinical phenotypes. In the case of iPSC lines derived from patients with
defects in RAG1, we also aim to explore the ability of performing gene-correction with a tailor-made
meganuclease. Neural differentiation and infection studies will be done in collaboration with Dr. Lorenz
Studer and Dr. Jean-Laurent Casanova in order to assess the ability of neurons, astrocytes and
oligodendrocytes to respond to HSV-1 infection.
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Methods
Patients
Fibroblasts from patients with Omenn syndrome (RAG-OM1, RAG-OM2), T-B-NK+ SCID (RAG-SC), a
predisposition to herpes simplex encephalitis (UNC93B, TLR3) (Casrouge et al., 2006; Zhang et al., 2007),
or a susceptibility to viral disease (STAT1) (Dupuis et al., 2003) were used as the starting material for the
generation of iPSC. Fibroblasts were also obtained from a healthy control (R2FC). Specific mutations are
described in Table 1. Before initiation of reprogramming, cells were cultured in hFib media (high-glucose
Dulbecco’s Modified Eagle Media (DMEM), supplemented with 10% inactivated fetal serum (IFS), 50
U/mL peniciliin, 50 mg/mL streptomycin and 2 mM L-glutamine). Cells used for the generation of iPSC
were all at an early passage (<P5).
Table 1
Cell Line
RAG-OM1iPS
RAG-OM2iPS
RAG-SC-iPS
WIP-iPS
UNC-iPS
STAT-iPS
TLR-iPS
R2FC-iPS

Gene
RAG1

p. P85fs; p. E722K

Mutation

Inheritance
AR

RAG1

p. R410W; p. R778W

AR

Omenn Syndrome

RAG1
WIP
UNC93B1
STAT1

p. R394W; p. R394W
c.1034_1037del4/1034_1037del4
c.1928_1929insA/1928_1929insA

AR
AR
AR
AR

TLR3

c.1660C/1660C>T

AD

T- B- NK+ SCID
WAS-like
HSE
HSE, mycobacterial
and viral infections
HSE

p. S434X; p. S434X

Clinical Diagnosis
Omenn Syndrome

Generation of induced pluripotent stem cells (iPSC)
Patient-specific iPSC were generated as described (Park et al., 2008) with the key replacement of the
four-factor retroviral system by the use of a single polycistronic lentiviral system (pHAGE-STEMCCA
vector) containing OCT4, SOX2, cMYC, and KLF4. Lentivirus containing the STEMCCA was produced using
a five-plasmid co-transfection system in 293T packaging cells as described (Mostoslavsky et al., 2006).
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Briefly, supernatants were filtered and collected every 12 hours on two consecutive days starting 48
hours after transfection and the viral supernatants were concentrated by ultracentrifugation at 16,500
rpm for 1.5 hours at 4°C. After ultracentrifugation, the viral pellet was left to resuspend overnight in
residual liquid providing the stock solution.
Patient-derived fibroblasts were infected with 30 μL of concentrated polycistronic STEMCCA lentiviral
vector. 1x10^5 fibroblasts were placed into a well of a 6-well plate and allowed to adhere for 8 hours.
After the initial 8 hours, hFib media was removed and replaced with 1 mL of lentiviral infection media
(MEM-alpha supplemented with 10% IFS, 50 U/mL penicillin, 50 mg/mL streptomycin, and 5 μg/mL
protamine sulfate). The 30 μL viral concentrate was diluted in the remaining 1 mL of lentiviral infection
media and added dropwise to the fibroblasts and then the plate was returned to the incubator for
culture at 37°C and 5% CO2 for 24 hours. After the 24 hour incubation, cells were washed three times
with PBS and 2 mL of fresh lentiviral infection medium was added before returning the plate to incubate
for an additional 72 hours. All of the infected cells were then split from a 6-well plate into a 10-cm
gelatin-coated plate containing irradiated mouse embryonic fibroblasts via trypsinization. Cells were
further incubated for 48 hours in lentiviral infection media before switching to hES media (DMEM/F12
supplemented with 20% knockout serum (KOSR), 10 ng/mL bFGF, 1mM L-glutamine, 100 μM
nonessential amino acids, 100 μM beta-mercaptoethanol, 50 U/mL penicillin and 50 mg/mL
streptomycin). Cells were observed daily for the formation of colonies with ES-like morphology which
typically occurred between days 30 to 35 post-infection.
Colonies with ES-like morphology were picked by carefully scraping the colonies from the feeder
fibroblasts using a pipette and mechanically transferring individual colonies to a 12-well gelatin-coated
plate containing iMEFs in human ES medium. From this point, wells with multiple colonies were
passaged into 6-well plates and propagated in 6-well plates by scoring and mechanically passaging
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colonies (Lerou et al., 2008). Split ratios were determined from passage to passage ranging from 1:1 to
1:4 depending on the growth rate of each line. After sufficient expansion, cells were reserved for various
characterization assays and also long-term cryostorage.
Analysis of Gene Expression
Total RNA was extracted using mirVana miRNA isolation kit (Ambion) following protocol for total RNA
isolation procedure and best practices for RNA handling. After extraction and purification, 100ng total
RNA was subjected to reverse transcriptase reaction using qScript cDNA SuperMix kit (Quanta
Biosciences) to generate cDNA. For quantiative PCR (qPCR), used previously described primers (Park et
al., 2008 Nature) and SYBR Green Master Mix on an Applied Biosystems 7500 Real-Time PCR System.
Gene expression for pluripotency and germ-layer specific markers was expressed relative to parental
fibroblast lines normalized to β-actin.
Immunohistochemistry of iPS Cells
Instead of passaging into a 6-well plate, scored and mechanically detached colonies were added
dropwise into a 96-well gelatin-coated plate seeded with iMEFs in hES media. After allowing colonies to
grow to the desired size, cells were fixed in 4% paraformaldehyde for 20 minutes, permeabilized with
0.2% Triton-X in PBS for 30 minutes and blocked with 3% BSA in PBS overnight at 4°C. Primary antibodies
were diluted in blocking buffer (3% BSA + 5% Donkey serum in PBS with cations) for staining of SSEA3
(Millipore MAB4303), SSEA4 (BD 560218), Nanog (Abcam ab21624), Tra-1-81 (BD 560174), Oct3/4
(Abcam ab19857), and Tra-1-60 (BD 560173) and incubated overnight at 4°C. Secondary Alexa Fluor
antibodies (Invitrogen) were used to detect SSEA3, SSEA4, and Oct3/4 primary antibodies. After washing
with PBS, cells were incubated with Hoechst dye, washed with PBS, and then visualized in a 96-well
microscope. Images were acquired, stored, and saved for later analysis.

30

Determination of Genetic Defects in Patient-Specific iPSC and Karyotype Analysis
Genomic DNA was isolated using Tail Lysis buffer (10mM Tris pH 8.0, 5M NaCl, 0.5M EDTA pH 8.0, 10%
SDS, 400 ug/mL Proteinase K and 1.5 mg/mL RNAse A in dH2O) with direct lysis in each dish. After lysis
at 37°C, protein was precipitated by 6M NaCl and supernatant was washed with isopropanol and
ethanol before resuspension and storage into buffer TE at pH 7.5. Primers specific for each gene of
interest were designed to amplify the genomic region containing the described mutation in each cell
line. For UNC93B exon 8 amplification, forward (5’-GCGTGGCTTTGTGCTGAGAG-3’) and reverse (5’CAGGAGGGGGATATTTGGGA-3’) primers were used for PCR amplification and sequencing. Amplification
was done using Taq polymerase (IV) with 3mM Mg2+ and following conditions: 95°C 5min, (95°C 1min,
58°C 1min, 72°C 2min)x35, 72°C 5min. After PCR amplification of each region, PCR products were resolve
via agarose gel electrophoresis, cut, purified, and sequenced directly for patients with homozygous
mutations. Sequences were compared to parental fibroblast lines to verify patient-specific generation of
iPS lines. Cell Line Genetics (Madison, WI) performed high-resolution G-banding on iPS cells using
standardized protocols.
Differentiation into Embryoid Bodies (EBs)
For differentiation into EBs, cells were mechanically passaged into non-treated petri dishes in EB media
(hES media lacking bFGF). Media was changed every four days and embryoid body formation was
followed by light microscopy and terminated at day 14 when embryoid bodies were collected for
extraction of RNA for quantitative PCR analysis of germ-layer markers.
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Results
Generation of Patient-Specific iPSC Lines
Fibroblasts from patients with a known molecular pathogenesis and well-defined clinical manifestation
of disease were selected for the generation of patient-specific iPSC lines (Table 1). The two unifying
themes in the fibroblast lines selected include mutations in RAG1 and mutations in the immune
response to viral infection, particularly HSV-1. RAG1 deficiency impacts lymphopoiesis leading to T-BNK+ SCID or to Omenn syndrome (Notarangelo, 1999; Villa et al., 1998; Villa et al., 2001). In patients
with mutations in UNC-93B or TLR3, there is a strong predisposition for herpes simplex encephalitis
(HSE) and in patients with complete STAT1 deficiency, a general inability to control viral infection and
mycobacteria in addition to HSE (Casrouge et al., 2006; Dupuis et al., 2003; Zheng et al., 2007).
Fibroblasts at early passage (P<5) were transduced with the polycistronic pHAGE-STEMCCA virus
containing OCT4, KLF4, SOX2 and c-MYC driven by an EF1α promoter (Sommer et al., 2009). Key
elements of the vector are shown in Figure 1A. The 2A sequences separating the two cistrons enable
ribosomal slippage which results in the production of separate proteins. As a result, a single promoter is
able to drive the production of the four separate transcription factors critical for the induction of the
pluripotent state (Sommer et al., 2009). Furthermore, the vector is flanked by loxP sites enabling the
future removal if it interferes with directed differentiation studies. After 30 to 35 days of co-culture on
iMEFs in retroviral infection media followed by human ES media, cells began to appear showing
characteristic ES-like morphology with well-defined borders and a flat, luminescent appearance when
viewed under bright light. These colonies were then picked and expanded for characterization,
functional studies, and long-term storage (Figure 1B).
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Figure 1: Derivation of Patient-Specific iPSC Lines
A) A visual representation of the lentiviral vector used to produce the patient-specific iPSC lines
described in this study. The vector contains the EF1α promoter which allows for the constitutive
and robust expression of the polycistronic transcript. The first cistron contains OCT4 and KLF4
separated by a 2A ribosome-slippage site. The second cistron follows after an IRES site and
contains SOX2 and c-MYC, again separated by a 2A site. After reverse transcription and
integration, the single 3’ loxp site also becomes present at the 5’ end allowing for future excision
if necessary.
B) A schematic summarizing the process of generating patient-specific iPSC lines. Each fibroblast
line was infected with the STEMCCA lentiviral vector before transfer to iMEFs for 4-5 weeks
before picking individual clones. The image shown represents the initial phase of visible
reprogramming before the picking of iPS colonies by mechanical scoring and detachment.
Expansion followed for several weeks again using passaging by mechanical methods allowing for
the generation of sufficient cells to characterize and for cryostorage.
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Characterization of Pluripotency in Patient-Specific iPSC Lines
Immunohistochemical staining of iPSC plated on iMEFs was conducted using six markers associated with
the pluripotent state in human ES cells (Maherali and Hochedlinger, 2008). SSEA-3, SSEA-4, Tra-1-60 and
Tra-1-81 are cell surface markers of pluripotency and all cell lines regardless of patient origin showed
robust expression of the surface markers (Figure 2A-H). OCT4 and Nanog, two transcription factors
critical for the reprogramming process, were also expressed in the iPSC lines assayed (Figure 2A-H). It is
important to note that although the pHAGE-STEMCCA vector contains OCT4, it lacks Nanog so all cell
lines expressing Nanog are activating the key transcription factor from its endogenous locus.
Total RNA was isolated from each iPSC line and its corresponding parental fibroblast line. Gene
expression analysis of critical genes associated with the pluripotent state was carried out using
quantitative RT-PCR. Figure 3 shows the relative expression levels of genes relative to the corresponding
fibroblast cell line and compared to a reference ES or iPSC line provided by Dr. Daley’s group (Park et al.,
2008c). All cell lines tested showed high levels of expression equivalent to the reference iPS line for
critical genes such as OCT4, SOX2, Nanog, REX1 and hTERT (Figure 3). Furthermore, the lineage-specific
marker RUNX1, a mesoderm-specific transcription factor for the hematopoietic lineage, was
downregulated in all iPS cell lines tested relative to the control fibroblasts. Since the pHAGE-STEMCCA
vector contains OCT4, KLF4, SOX2 and c-MYC as a single transcript and all primers used for the four
factors detect exonic elements, it would be expected that if the lentiviral elements were not silenced,
OCT4, KLF4, SOX2 and c-MYC would be detected at equivalent levels. However, KLF4 and c-MYC actually
show expression levels at or below parental fibroblasts (Figure 3). This suggests that the transgenes
activated an endogenous pluripotent cell state and that the lentivirus-encoded transgenes have been
silenced in the cell lines. Consequently, the lack of constant over-expression of the four factors from the
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lentiviral cassette should allow the cells to be permissive for directed differentiation to lymphoid or
neuronal cell types.
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Figure 2: Patient-Specific iPSC Lines Express Surface Markers and Transcription Factors Associated
with Pluripotency
A-H) iPSC lines were imaged using light microscopy or fixed, permeabilized and stained for markers
associated with pluripotency and imaged by fluorescent microscopy. All iPSC lines show the
characteristic morphology of hESCs grown on iMEFs. Hoechst-dye is used to demonstrate the total cell
number present in each row. Positive staining for SSEA4, Tra-1-81, OCT4, Tra-1-60, SSEA3 and NANOG is
associated with maintenance of the pluripotency state.
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Figure 3: Gene Expression Levels in Patient-Specific iPSC
A) iPSC generated from a WIP-deficient patient mirror the pattern of gene expression seen in an
established hESC line. Quantitative Real-Time PCR (qPCR) was performed on total RNA isolated
from WIP-deficient fibroblasts, iPSCs, or a reference hESC line. Expression was normalized to βActin and calculated relative to the parental fibroblast line. OCT4, SOX2, NANOG, REX1, GDF3,
hTERT and GATA4 are all highly expressed in both WIP-iPS-8 and the reference hESCs. KLF4 and
cMYC levels are lower than in parental fibroblasts in WIP-iPS-8 suggesting silencing of the
lentiviral vector used to generate the cell line and acquisition of an endogenous pluripotency
state akin to the reference hESC line. RUNX1 levels are lower in WIP-iPS-8 and hESCs
demonstrating that the cells are in an undifferentiated and uncommitted state.
B) iPSC generated from an Omenn Syndrome patient with a hypomorphic RAG1 mutation mirror
the pattern of gene expression in a healthy control iPSC line and an established reference iPSC
line (generated using the traditional four-factor retroviral system). Quantitative Real-Time PCR
(qPCR) was performed on total RNA isolated from RAG1-deficient fibroblasts, RAG-OM1-iPS-A,
or a reference iPSC line. Expression was normalized to β-Actin and calculated relative to the
parental fibroblast line. OCT4, SOX2, NANOG, REX1, GDF3, hTERT and GATA4 are all highly
expressed in both RAG-OM1-iPS-A and the reference iPSCs. KLF4 and cMYC levels are lower than
in parental fibroblasts in RAG-OM1-iPS-A suggesting silencing of the lentiviral vector used to
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generate the cell line and acquisition of an endogenous pluripotency state akin to the reference
hESC line. RUNX1 levels are lower in RAG-OM1-iPS-A and reference iPSCs demonstrating that
the cells are in an undifferentiated and uncommitted state.
C) iPSC generated from a patient with HSE due to a UNC93B1 mutation mirror the pattern of gene
expression in a healthy control iPSC line and an established reference iPSC line (generated using
the traditional four-factor retroviral system). The description of the results follows as in B).
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Confirmation of Patient-Specific Origin and Genomic Integrity
All fibroblast cell lines used in this study were isolated from patients with both a defined phenotype and
genotype allowing for the use of direct sequencing to determine patient-specific origin of iPSC before
commencing functional studies. Genomic DNA was isolated from both parental fibroblast cell lines and
from iPSCs and the regions of interest containing the known mutations amplified by PCR for sequencing.
Before sequencing each iPSC line, the maintenance of karyotypic integrity was confirmed using Gbanding (Figure 4A-E). All cells karyotyped, including R2FC-iPS-II, RAG-OM1-iPS-A and UNC-iPS-B, which
were all karyotyped at >P20, maintained genomic integrity without evidence for clonal genomic
aberrations.
By sequencing the UNC93B1 gene, we determined that the UNC-iPS-B and UNC-iPS-C lines were both
derived from the UNC-93B deficient fibroblast cell line (Figure 4F). The four nucleotide deletion is
present in both iPSC lines and the parental fibroblast line but not in the R2FC-iPS control cell line
generated.
The generation of iPSCs from RAG1-deficient patients with Omenn Syndrome or T-B-NK+ SCID will allow
for studies of lymphoid differentiation in human cells. Since it is known that there are many differences
between murine and human immunology (Mestas and Hughes, 2004), directed differentiation of iPSCs
to T cells will be critical for studying cell-intrinsic defects of human lymphopoiesis. With the initial
generation of these three patient-specific iPSC lines, it will be possible to investigate not only the
differences between the disease state and normal controls, but also between defined molecular
diagnoses within the same gene but with distinct disease phenotypes. In particular, under standardized
in vitro differentiation conditions, it will be possible to compare the effect that specific RAG1 mutations
have on human T cell development. This will help define to what extent the phenotypic variability (SCID
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vs. Omenn syndrome) of RAG1 deficiency in humans reflects genotypic differences vs. response to
environmental signals (eg, TLR activation) that may trigger expansion of selected T cell clonotypes.
In the iPSCs generated from patients with susceptibility to HSE (TLR3, UNC93B, STAT1) and viral
infections in general (STAT1), directed differentiation towards neurons provides perhaps an even more
compelling insight into the genetic susceptibility of infectious disease within a previously unexplored
human primary cell type. Due to the obvious problems in acquiring primary neurons, astrocytes, or
oligodendrocytes from human patients, the ability to investigate the role of these known molecular
defects in control of viral infection in neuronal types has been impossible. Now, with the advent of iPSC
technology and the well-established body of work allowing for the directed differentiation of ESCs and
iPSCs to neurons (Lee et al., 2007; Chambers et al., 2009), it is possible to investigate the defects in viral
control in neurons or neuronal-associated cell types using fibroblasts reprogrammed to iPSCs as a cell
source.
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Figure 4: Confirmation of Karyotypic Integrity and Patient-Specific Origin
A-E) All iPSC lines generated maintain karyotypic integrity as visualized by G-banding. R2FC-iPS-II, RAGOM1-iPS-A, and UNC-iPS-B were all karyotyped at >P20 demonstrating the long-term genomic stability
of these iPSC lines. TLR-iPS-G and STAT-iPS-G were both karyotyped at P<10 but these spreads are not
suggestive of any chromosomal aberrations at an earlier timepoint in the process of iPSC generating
using the STEMCCA vector.
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F) UNC-iPS-B and UNC-iPS-C are both iPSC lines derived from a UNC-93B deficient patient. UNC-hFib,
UNC-iPS-B, and UNC-iPS-C all have a four base pair homozygous deletion within the UNC93B1 gene
which is not apparent upon sequencing the healthy control R2FC-iPS-II line. The four base pairs deleted
in the UNC-93B patient-derived cell lines are highlighted in the healthy control by a blue frame.
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Differentiation Potential
Since the eventual goals of our studies involve the in vitro modeling of disease from a homogenous iPSC
state, it is not only important that the cell lines we generated using the pHAGE-STEMCCA vector are
pluripotent but also that they are amenable to directed differentiation. To initially investigate the ability
to form all three germ layers, iPSC were passaged into non-tissue culture treated dishes with EB
differentiation media. After withdrawal of the supporting cell layer and bFGF, all patient-derived iPSCs
formed embryoid bodies (Figure 5A). Gene expression analysis showed that these embryoid bodies
expressed lineage markers of all three germ layers (Figure 5B).
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Figure 5: Differentiation of iPSC into Embryoid Bodies (EBs) Shows Developmental Potential
A-G) Upon withdrawal of bFGF and iMEFs, iPSCs spontaneously differentiate into embryoid bodies. Light
microscopy of EBs at day 10 shows detached clumps of cells characteristic of differentiating hESCs.
H-J) qPCR was performed on differentiating EBs generated from R2FC-iPS-II, UNC-iPS-C, and RAG-OM1iPS-B. Total RNA was isolated at day 14 and, after normalization of expression levels to β-Actin, levels of
mRNA for transcript levels characteristic of ectoderm, mesoderm, or endoderm commitment were
expressed relative to undifferentiated parental iPSC lines. All cell lines showed robust expression of all
lineage markers characteristic of their potential to differentiate towards ectoderm (NCAM, Nestin),
mesoderm (RUNX1, Brachury), and endoderm (GATA4, AFP).
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Directed Neural Differentiation Potential and Response to Infection
Preliminary studies show that some of the iPSC we generated are amenable to directed differentiation.
This is very preliminary data, but it shows that using dual-SMAD inhibition with Noggin and SB431542 to
direct iPSC towards the neural stem cell fate worked effectively for the UNC-iPS-C line we generated.
Furthermore, after directed differentiation to a population of neural stem cells, the cells were able to be
infected by HSV-1-GFP, a neurotropic virus expressing green fluorescent protein (Figure 6). It is also an
important proof of concept in showing that in vitro derived neural cell types can be infected by HSV-1 as
the analysis of which neural cell type(s) are responsible for the pathogenesis of HSE relies on the ability
of HSV-1 to infect the in vitro generated neurons, oligodendrocytes and astroglia.
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Figure 6: Differentiation of iPSC into Neural Stem Cells (NSCs) and Infection with HSV-1
The UNC-iPS-C line was differentiated to NSCs, using dual-SMAD inhibition with Noggin and SB431542,
and then infected with HSV-1-GFP. White light and green-fluorescence spectra are shown.
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Discussion
While the long-term goals for iPSC involve clinical applications, more proximal results will certainly come
from the ability to model certain human diseases in vitro (Panel 7) (Yamanaka, 2009). This prediction
carries many necessary steps that need to be developed as iPSCs will require specialized growth
conditions to appropriately develop into a target tissue. Not only will media conditions, growth factors,
scaffolds, and supporting cell types be critical, but the timing of each transitional step will also
undoubtedly be important. For the patient-specific iPSC lines reported here, we will apply current
models that already exist in the literature for the development of hESCs into T-lymphocytes and
neuronal cells (Schmitt et al., 2004; Chambers et al., 2009). The use of patient-specific iPSC lines will
allow, for the first time, unprecedented access to the critical role that specific mutations play in the
development of T-lymphocytes and in the response of neuronal cells to infection. Without iPSC there

1)

Panel 7: Clinical and in vitro potential for iPSC (Yamanaka, 2009)
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is simply no means by which to look at human thymopoiesis or neuronal response to infection.
Significance of the generation of RAG1-deficient Patient-Specific iPSC Lines
While it is clear that iPSCs and hESCs are not identical, their similarities in patterns of gene expression
and epigenetics reflect their pluripotent state and ability to differentiate in response to the same cues.
Consequently, much of the work investigating the differentiation potential of hESCs towards the
hematopoietic, and more specifically the lymphoid lineage, may be conceptually applicable to iPSCs with
little or even no modification. The majority of the knowledge that is currently applied to directed
differentiation of pluripotent cell types in vitro has been informed by the field of developmental biology
(Dzierzak and Speck, 2008). The first critical step in mammalian hematopoiesis is the generation of the
definitive adult hematopoietic stem cell (HSC). Hemangioblasts are multipotent common precursors of
both hematopoietic and endothelial cell types and derived from mesoderm (Dzierzak and Speck, 2008).
The markers that distinguish hemangioblasts are Brachyury and Flk-1. Hemangioblasts contribute to the
formation of blood-islands where expression of Runx1 is detected, another pivotal transcription factor in
the specification of the hematopoietic fate (Dzierzak and Speck, 2008). These blood islands can be found
in the aorta-gonad-mesonephros (AGM) region which produces HSCs capable of reconstituting the
entire blood system of adult mice.
Besides the analysis of receptor-ligand interactions, biomechanical forces have recently been implicated
in the emergence of hematopoietic cells in the aortic endothelium potentially leading to more efficient
in-vitro protocols incorporating shear force in addition to known ligands that promote hematopoiesis
(Adamo et al., 2009; Boisset et al., 2010; Bertrand et al., 2010). The HSCs from the AGM express CD45, ckit, CD34, Runx1, and SCL amongst other markers (Dzierzak and Speck, 2008). Notch1 signaling after
encountering Delta-like 4 (DL4), Jagged 1, or Jagged 2 in the AGM is known to be important for the
induction of Runx1. Beyond leading to hematopoietic commitment, Runx1 also remains critical for the
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development of the lymphoid and myeloid compartments (Dzierzack and Speck, 2008). In all of the iPSC
lines that we generated, differentiation into EBs led to the robust upregulation of RUNX1 and Brachyury
(Figure 5H-J) showing the capacity of these cells to express transcription factors essential for the
specification of the hematopoietic fate and more specifically of the capacity to differentiate towards
lymphocytes.
Beyond the HSC stage, the actual lineage decisions by cells to adopt either lymphoid or myeloid cell
fates are actually poorly understood. While before it was commonly accepted that any common
lymphoid precursor (CLP) emigrating into the thymus was committed to forming a T-lymphocyte, recent
evidence points to the ability of early T cell progenitors to actually form B-lymphocytes and even
myeloid cells (Ceredig et al., 2009). In a murine model, Notch1 ablation led to B-cell development in the
thymus instead of T cells reaffirming the necessity for Notch-Delta-like interactions in commitment to
the T-cell fate (Zediak et al., 2005). Two surface markers that can be assessed for development of T cells
are the loss of CCR9 and Flt3 from early-thymic progenitors (ETPs) (Zediak et al., 2005). This
developmental plasticity has led to the proposal of a pairwise relationship for the specification of cell
fates which is most easily visualized (Panel 8) (Ceredig et al., 2009). As an individual cell matures, it has a
reduced ability to form other cell types. Essentially, using knowledge gleaned from developmental
hematopoiesis and lymphopoiesis studies, we are trying to direct an iPSC through a transient HSC state
with commitment towards the T-lymphocyte fate.
Juan Carlos Zuniga-Pflucker’s group in Toronto was the first to publish on a system for complete in-vitro
T cell development from murine ESCs (Schmitt et al., 2004). The system employed the known necessity
of Notch signaling, the addition of critical ligands, and a serendipitously derived stromal cell line to
support development of CD8+ T cells in vitro (Schmitt et al., 2004; Zuniga-Pflucker, 2009). The OP9
stromal cell line was derived from murine bone marrow stromal cells that are deficient in production of
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MCSF, a cytokine involved in development of myeloid-lineage cells. Consequently, the use of the OP9
cells in this system means that lymphopoiesis occurs with much higher efficiency (Zuniga-Pflucker,
2009). This system is similar in a sense to the development of iPSCs in that technically it is not very
complex, yet a certain need of expertise in the field and a solid understanding of developmental biology
led to a major breakthrough in the ability to model T-lymphopoiesis in vitro.

1)

Panel 8: Pairwise development of HSCs to various cell fates (Ceredig et al., 2009)

The basic system involves the culture of stem cells, in our case iPSCs, on OP9-DL1 cells with IL-7 and
FLT3L added exogenously to the media for a period of 1-2 weeks (Panel 10) (Schmitt et al., 2004; ZunigaPflucker, 2009). After this initial culture period, the “T-lineage cells,” which are simply nonadherent cells,
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are transferred to a fresh OP9-DL1 stromal cell line or can also be used for in vivo transfer experiments
or fetal-thymic organ culture (FTOC) experiments (Rothenberg, 2004; Zuniga-Pflucker, 2009). If the cells
are further maintained in the in vitro system, it is possible to observe the transition from doublenegative (DN), to double-positive, (DP) and finally to single-positive (SP) CD8+ αβ and γδ T-cells (Schmitt
et al., 2004; Zuniga-Pflucker, 2009). For comparison, the progression of T-progenitor cells within the
thymus is schematically represented in Panel 9. The reason for the sole production of CD8+ cells within
the system is the presence of MHC-I, as it is ubiquitously expressed by all cell types, and the absence of
MHC-II. Beyond the lack of MHC-II, other components may be necessary to generate CD4+ cells such as
the thymic proteasome or other specialized components of antigen presentation.

1)

Panel 9: Schematic of T cell development in the thymus (Zuniga-Pflucker et al., 2009)
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1)

Panel 10: Basic method behind the OP9-DL1 system for T cell generation (Zuniga-Pflucker et
al., 2009)

The CD8+ T cells produced from ES cells show a diverse TCR repertoire and respond to TCR stimulation
by the production of IFNγ and proliferation (Schmitt et al., 2004). Rag1 levels were shown to be induced
at Day 12 in the system and remained at high levels beyond Day 18 (Schmitt et al., 2004). This system
allows for the ability to study the temporal and functional attributes of the RAG1/2 complex in human
iPSCs derived from patients with SCID or Omenn Syndrome. Having a standardized system and using
patient-specific iPSCs allows for the ability to perform in-vitro competition assays between cell lines
harboring different mutations. By investigating the manner in which specific mutations affect orderly
progression from an iPSC to mature human T-lymphocyte, it allows us for unparalleled access to this
otherwise mysterious process in both health and disease.
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Other groups have also recapitulated T-lymphopoiesis using variations of this system or completely
different approaches. By culturing hESC on OP9 stromal cells, one group described the formation of
“hematopoietic zones” that mimicked the blood islands seen during embryogenesis (Timmermans et al.,
2009). Transferring these hematopoietic zones to OP9-DL1 cells in the presence of the defined culture
conditions from Zuniga-Pflucker’s group resulted in the differentiation to T cells with the same
sequential passaging through intermediate steps and the generation of mature CD8+ T cells able to
proliferate and secrete cytokines (Timmermans et al., 2009). Other work has led to more clinically
relevant means of isolating populations ready for transplantation by culturing human umbilical cord
blood HSCs on OP9-DL1 cells or hESCs in a completely feeder free system (Awong et al., 2009; Galic et
al., 2009). The study beginning T cell differentiation from human HSCs defined CD7 as an early cellsurface marker for T lymphopoiesis due to the ability of CD34+ CD45+ CD7+ CD5+ cells to engraft in
immunodeficient mice suggesting the possibility for this strategy in treating individuals with T-cell
specific immunodeficiencies (Awong et al., 2009). In the feeder-free system, hESCs were differentiated
through an embryoid body stage with supplementation of BMP-4, SCF, and FLT3L before implantation in
vivo into hu-SCID mice (Galic et al., 2009). Again, this is not meant to study in vitro T cell development
but as a proof of concept study for in vivo use in a transplantation setting.
While the literature using iPSCs to model disease in vitro is not extensive yet, a few studies have recently
been published demonstrating the capacity for iPSCs to behave in a fashion similar to hESCs reaffirming
our future intentions of applying the OP9-DL1 system for studying in vitro lymphopoiesis. In a study
interested in determining the hematopoietic differentiation capacity of human iPSCs, cells were allowed
to form embryoid bodies in the presence of human SCF, FLT3L, IL-3, IL-6, G-CSF and BMP4 (Lengerke et
al., 2009). The combination of all of these factors led to the generation of CD34+CD45+ cells in the
embryoid bodies along with expression of Brachyury at early timepoints followed by SCL (Lengerke et
al., 2009). In another study looking at iPSCs generated from healthy donors or patients with acquired
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myeloproliferative diseases due to somatic JAK2 mutations, the iPSCs generated from myeloproliferative
patients recapitulated the increased erythropoiesis seen in vivo via the colony forming unit assay (Ye et
al., 2009). Perhaps the most relevant study to our future goals was the high profile paper published from
a Spanish group reporting the generation of disease-free hematopoietic progenitors from Fanconi
anemia patients (Raya et al., 2009). Fanconi anemia is a bone marrow failure syndrome resulting in
chromosomal instability. One major caveat with this study is that the authors did not use Fanconi
anemia iPSCs to model disease in vitro, but rather corrected the genetic defect before generation of
iPSCs and simply established that their differentiation potential in a colony forming unit assay was
similar to healthy control iPSCs (Raya et al., 2009). Nevertheless, it sets the foundation for future work
studying hematopoietic disorders through iPSC technology.
We intend to use our uncorrected iPSCs generated from patients with defects in RAG1 to study the
generation of T cells using a refined OP9-DL1 system. Rather than DL1, we propose to use OP9-DL4 cells
to replace the original stromal cell line. The observation that in vitro, DL1 is known to drive T-cell
differentiation led a group to study the presence of the DL-family in the thymus. By using both lacZ
reporter mice and monoclonal antibodies (mAbs) specific for DL1 and DL4, the group showed that
thymic epithelial cells (TECs) expressed DL4 but not DL1 (Koch et al., 2008). A loss of DL4 actually led to a
complete block in T cell development and the appearance of B cells, as seen in earlier work in Notchdeficient animals (Zediak et al., 2005; Koch et al., 2008). This demonstrates how in vitro work can inform
in vivo studies and how this novel discovery of the importance of DL4 in the generation of T cells can be
applied to an in vitro system. The potential for using a model to study SCID and Omenn syndrome due to
mutations in RAG1 will certainly elicit new questions to be tested in vivo and novel hypotheses for
human T-lymphopoiesis.
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Significance of the generation of iPSC Lines from Patients Susceptible to HSE
While differentiation to a defined population of HSCs from pluripotent stem cells is not yet possible,
differentiation towards the neural stem cell (NSC) fate is actually significantly easier and achieved with
greater efficiency. One potential reason is that neuroectoderm appears to be the “default” lineage
specification. If canonical pathways such as BMP4, Wnt and Activin are all inhibited, pluripotent cells will
actually differentiate towards the neuroectoderm fate (Murry and Keller, 2008). By differentiating our
iPSCs using these developmental principles, we intend to investigate the pathogenesis of HSV-1
infection in patients deficient in UNC-93B, STAT1, and TLR3.
The particular kind of NSC we are interested in is called the neural rosette cell, based on its
characteristic morphology (Lee et al., 2007; Elkabetz et al., 2008; Koch et al., 2009). The generation of
neural rosette cells was first reported by Lorenz Studer’s group as an alternative and more multipotent
alternative to the traditionally described NSC fate with more limited differentiation potential (Elkabetz
et al., 2008). The differentiation of hESCs to neural rosettes was achieved by activation of the Shh and
Notch pathways resulting in the generation of multipotent progenitors capable of forming neurons,
astrocytes and oligodendrocytes (Elkabetz et al., 2008). The greater plasticity exhibited by these cells is
critical for our studies as we are interested in testing a variety of CNS cell types to determine which ones
are responsible for the tissue-specific pathology present in HSE patients after HSV-1 infection.
Again, using knowledge from developmental biology, Studer’s group reported the efficient generation of
both hESCs and human iPSCs to the neural lineage based on dual inhibition of SMAD signaling with
Noggin and SB431542 (Panel 11) (Chambers et al., 2009). This method induces rapid and complete
neural conversion of greater than 80% of the pluripotent cells while maintaining adherent culture
conditions (Chambers et al., 2009). This is a great benefit as it avoids going through an embryoid body
stage or requiring neural-inducing stromal cells which produce undefined factors that are variable across
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different stromal cells. Neural induction can be achieved within 11 days in knockout serum replacement
media. The rational for using this dual inhibition is that both inhibit pathways critical for the
maintenance of pluripotency (Nanog) as well as critical pathways for the generation of mesoderm or
endoderm fate (Activin and BMP) (Chambers et al., 2009). Beyond the neural rosette stage, plating cells
at different densities or addition of morphogens such as retinoic acid, FGF8 or SHH can induce various
subtypes of neurons by day 19 compared to 30-50 days with previous systems (Chambers et al., 2009).
Due to the efficiency and consistency of this system, we intend to use the dual-inhibition of SMAD
signaling protocol in order to derive neural rosettes and differentiated neural cell fates from our patientspecific iPSC lines.

1)

Panel 11: Basic method behind the dual-SMAD inhibition system for generation of
multipotent NSCs (Chambers et al., 2009)
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While few papers exist directly comparing the differentiation potential of hESCs to iPSCs, some of the
first papers suggest that hESCs are more robust in their ability to differentiate consistently and
efficiently towards the desired cell fate. In a very recent study, the neural differentiation potential was
compared for five hESC lines and twelve iPSC lines generated via different methods (Hu et al., 2010).
While all hESC lines differentiated with greater than 80% efficiency as assayed by PAX6+ expression after
dual-SMAD inhibition, most iPSCs only showed a less than 20% induction of this NSC marker (Hu et al.,
2010). This raises caution as to the developmental potency of iPSC lines, despite their demonstrated
pluripotency using gene expression and surface markers. On the other hand, our preliminary data
suggest that the iPSC lines are able to efficiently produce NSCs and CNS neurons (Figure 6). This
highlights the ability of the STEMCCA vector to induce a true pluripotent state and furthermore, due to
the presumed silent state of the vector, for permissive differentiation towards neural cell fates.
Two recent papers show the potential for the use of iPSCs for in vitro modeling of neural disease. One
study reported the generation of iPSCs from an 82 year old woman with amyotrophic lateral sclerosis
(ALS) and the ability to differentiate these cells to motor neurons for further study (Dimos et al., 2008).
Lorenz Studer’s group generated iPSCs from patients with familial dysautonomia and not only
demonstrated their ability to differentiate into neurons but also that mis-splicing of the IKBKAP gene
was restricted to the expected neural cell lineages (Lee et al., 2009). Furthermore, cell based assays
showed defects in neurogenic differentiation and migration. By using candidate drugs, they were able to
reverse the aberrant splicing and also ameliorate the neuronal differentiation and migration succinctly
demonstrating the full potential that iPSCs have for the in vitro study of disease and drug discovery (Lee
et al., 2009). This paper highlights not only the challenge of deriving the cell-type of interest but then
demonstrating the disease-related phenotype in vitro. We intend to study and explore the pathogenesis
of HSE by infecting neurons and glial cells derived from patient-specific iPSCs by dual-SMAD inhibition.
After derivation of the desired cell types, we will assess the response of each cell type to HSV-1 infection
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and specific TLR agonists to try and determine the cell types responsible for the CNS-specific pathology
in HSE patients. We expect that our robust in vitro system will allow for the identification of the causal
cell type(s) of the CNS-specific immunodeficiency present in these patients that are predisposed to HSE
in natura.
Clinical Applications of Patient-Specific iPSC Lines
Besides the tremendous and unprecedented ability to study disease in vitro through the use of patientspecific iPSCs, the clinical potential is perhaps even greater. The major potential problem created by
hESCs is that due to the methods of generation currently employed, the cell source will be allogeneic.
However, due the ability of adult somatic cells to be reprogrammed back to iPSCs, this novel pluripotent
cell type provides an avenue for providing autologous and potentially gene-corrected cells back to a
patient. These clinical goals are still many years away, though a solid foundation for the directed
differentiation of hESCs to clinically relevant populations will certainly accelerate this research in iPSCs.
The major barriers before iPSCs can be applied to clinical use are the formation of teratomas,
oncogenesis, the purification of the desired cell type, controlling the graft size and shape, and choosing
appropriate methods for gene correction (Murry and Keller, 2008; Yamanaka, 2009).
One of the main issues with blood disorders is not controlling the shape of the graft but instead reaching
the desired transplantable cell type. While it has clearly been demonstrated that hESCs can form T-cells
for example, the holy grail of reaching and stopping at a transplantable and defined HSC population still
remains elusive. One of the first papers to report on specific transcription factors critical for blood
development from murine ESCs identified HoxB4 as a main player in hematopoiesis (Kyba et al., 2002).
What this study did not do is provide transgene-free model for reaching a transplantable and uniform
HSC phenotype (Kyba et al., 2002). However, this system employed another key paradigm which was the
use of hematopoietic stromal cells in conjunction with the ectopic expression of HoxB4 to provide
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undefined signals to the ESCs as they developed towards an HSC phenotype. While this protocol may be
amenable for in vitro studies of disease, transition to the clinical setting will require a transgene-free and
preferably feeder-free method for generating HSCs. Many research groups are focused on developing
this particular cell type and surely the development of iPSC technology will only push more efforts in this
direction to treat disorders affecting hematopoietic cells (Wang et al., 2005; Vodyanik et al., 2006; Kyba
et al., 2008; Matsumoto et al., 2009; Niwa et al., 2009). Perhaps choosing the clinically relevant cell type
that we want to attain for the starting cell source prior to iPSC derivation will result in cells epigentically
primed to differentiate towards the desired cell type (Yamanaka, 2009).
The great promise of iPSCs is the ability to generate a patient-specific autologous cell ready for
transplant. One reason for the continued clinical need for autologous HSC therapies is due to the
difficulties experienced by patients who undergo allogeneic HSC transplantation. While HSC
transplantation has improved dramatically since its inception, not all patients have access to
immunologically similar transplants; one of the major determinants of long-term clinical success
(Mazzolari et al., 2007; Neven et al., 2009). Furthermore, half of the patients in one single-center cohort
still experience significant clinical events such as persistent GVHD, autoimmunity, and infections (Neven
et al., 2009).
While patient-specific iPSCs would solve the issue of rejection, in patients with genetic defects, these
cells would need to be corrected prior to re-implantation. This raises the question as to which genetherapy or gene-correction techniques are most amenable for use in iPSCs and at what stage it would be
appropriate to correct the defect. In the case of SCID, there is already good evidence for the successful
use of gene-therapy in treating the disease. In patients with γ-common chain deficiency (SCID-X1), ex
vivo infection of patient CD34+ cells with a retroviral vector resulted in the generation of functional T
cells and NK cells in two patients (Cavazzana-Calvo et al., 2000). There was a clear selective advantage to
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cells expressing the transgene which allowed for a relatively small population to rapidly repopulate the
various vacant niches. Correction of SCID in patients with ADA deficiency was also seen by gene therapy
in CD34+ cells in combination with non-myeloablative conditioning (Aiuti et al., 2002). After the therapy,
patients were able to return home and follow-up visits showed generation of B cells, NK cells, and
effective thymopoiesis as assayed by T-cell receptor excision circles (TRECs) (Aiuti et al., 2002). Due to
these very promising early results, the trials were expanded to more patients. In a cautionary tale, 5/20
patients in the SCID-X1 trial developed clonal T-cell acute lymphoblastic leukemia. At first, the cause was
unknown but further investigation led to the discovery that the vector containing the therapeutic gene
had integrated near a proto-oncogene resulting in overexpression of LMO2 in leukemic clones in
addition to other changes leading to leukemogenesis (Howe et al., 2008). However, in the case of the
ADA-SCID trial, a long-term follow up recently published showed that the ten patients were all alive at 2
to 8 years after therapy (Aiuti et al., 2009). Most patients improved significantly and the study authors
conclude that, using this system, gene therapy for ADA-SCID is both effective and safe (Aiuti et al.,
2009).
Due to the precedent established for the success of gene therapy in SCID patients, we also aim to use
the iPSC generated from RAG1-deficient patients for novel gene-correction approaches. The application
of gene-correction techniques as well as the ability to assess corrected and uncorrected iPSCs in
competitive in vitro lymphoid differentiation assays provides a robust model for assessing the efficacy of
correction. Rather than using a traditional gene therapy approach which incorporates a functional copy
of a gene randomly into the genome using a viral vector, we propose to use homing endonucleases, or
meganucleases, which have the capacity of inducing DNA double-stranded breaks at specific sites
(>18bp) in order to initiate homologous recombination (Choulika et al., 1995). While early studies with
meganucleases required the insertion of the native target sequence of each endonuclease into the
genome, a greater understanding of the regions which determine cleavage specificity of meganucleases
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have allowed for the modification of the target sequence to essentially any sequence (Seligman et al.,
2002; Ashworth et al., 2006). This modification is very complex though and requires an understanding of
not just the amino acid sequence and nucleotide sequence but of the 3D structure formed between
meganucleases and their target sequence based on base stacking, hydrogen bonding, solvation, and
electrostatic interactions (Ashworth et al., 2009).
In a collaborative effort with our group, the French company Cellectis published on the generation of a
meganuclease specifically designed to cleave a naturally occurring target sequence 11bp upstream of
the coding exon of RAG1 (Panel 12) (Smith et al., 2006). Using the I-CreI meganuclease, isolated from
the chloroplast genome of Chlamydomonas reinhardtii, Cellectis applied a combinatorial approach to
determine distinct DNA binding subdomains and then assembling the four sets of subdomains into a
heterodimeric endonuclease specific for the human RAG1 target sequence of interest (Smith et al.,
2006). Further refinement to the necessity for obligate heterodimers led to the generation of a singlechain meganuclease which drastically lowered genotoxicity from nonspecific cutting across the genome
at other locations (Grizot et al., 2009). In their study, 6% of transfected human cells showed
recombination at the RAG1 locus with their repair matrix making the designed meganuclease one of the
best “molecular scissors” available for gene-correction (Paques and Duchateau, 2007; Grizot et al.,
2009).

1)

Panel 12: Molecular model of how site-specific recognition of large target site by
meganuclease (Smith et al., 2006)
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While 6% is very high amongst gene correction techniques, it still requires the use of a population of
cells primed for expansion and selection of the successfully corrected subpopulation. Consequently,
gene correction at the iPSC state and subcloning would be of interest in repairing patient-specific iPSC
with defects in RAG1. Two recent studies published using zinc-finger nucleases used to study the
potential for gene-targeted approaches report low genotoxicity after electroporation of iPSCs with zincfinger nucleases and the desired repair matrix (Hochenmeyer et al., 2009; Zou et al., 2009). Of great
interest to us is that both studies did not notice any alterations in karyotype or pluripotency and
furthermore showed that non-expressed genes can be targeted at the iPSC stage (Zou et al., 2009).
Future work will undoubtedly focus on enhancing the efficiency of the homologous recombination
process after initiation of DNA double-stranded breaks by site-specific nucleases (Nayakayma, 2010).
Several groups have shown the efficacy of gene therapy techniques in combination with SCNT, HSCs,
and iPSCs in mice (Rideout et al., 2002; Mostoslavsky et al., 2006; Hanna et al., 2007). However, none of
these studies overcome the issue presented by the SCID gene therapy trials of random insertion of the
viral vector across the genome. Before the ability of human iPSCs to be applied in the clinic, it will be
necessary to provide effective and specific gene-correction strategies. In our model, we will look to
apply the meganuclase specific for a RAG1 target sequence and a repair matrix containing the wild-type
RAG1 sequence in order to correct the iPSCs generated from patients with SCID and Omenn syndrome.
These cells could then be assessed by in vitro differentiation assays for their capacity to generate
functional T cells. While this study would provide a proof of concept for the in vitro efficacy of genecorrection techniques, the final hurdle is to transition these in vitro studies to the clinic.
Before the generation of clinically transplantable HSCs, it will be necessary to not only define how to
generate HSCs from iPSCs but also to improve the process of iPSC generation for enhanced safety while
maintaining or improving efficiency. The safety profile of iPSCs will improve with the elimination of
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xenogeneic feeder cells and the use of reprogramming techniques that result in genomically pristine
cells (Takahashi et al., 2009; Rodriguez-Piza et al., 2009; Yu et al., 2009). The selection of the appropriate
cell type, such as a subpopulation of human fibroblasts or the clinically desired cell type, may also
enhance the efficiency of reprogramming and subsequent differentiation of iPSCs (Byrne et al., 2009;
Loh et al., 2009). Very recent work also suggests that the incorporation of novel factors, or a completely
different set of factors may be the answer to enhancing pluripotency or even moving beyond iPSCs to
transdifferentiation (Han et al., 2010; Vierbuchen et al., 2010). While the stem cell and gene therapy
fields individually have provided many promises and much hope for patients, the generation of patientspecific iPSCs in combination with novel gene correction techniques will undoubtedly revolutionize the
way that scientists approach research and clinicians plan the next breakthrough clinical trials.
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